Abstract A comparative study between two sintering routes has been carried out to reveal the parallel evolutions of microstructure and B-H hysteresis in a mechanicallyalloyed Ni-Zn ferrite. The starting powders were mixed and crushed via the mechanical alloying technique. Subsequently two portions of the resulting powder were subjected to two respective sintering routes: multi-sample and single-sample. In the multi-sample sintering, the samples were sintered from 600 to 1400°C with any one sample being subjected to only one sintering temperature. For the single-sample sintering, only a single sample was subjected to repeat sintering from 600 to 1400°C. In B-H hysteresis measurement, the same trends but with different values were observed for both sintering routes. Saturation induction, B s , values range from 23.9 to 1076.0 G for multisample sintering and from 23.4 to 930.7 G for singlesample sintering. Three distinct behaviour groups could be distinguished which correspond to a particular range of grain sizes and domain state of the samples. The activation energies of grain growth for multi-sample and singlesample sintering show three different ranges of values for each route which are 6.80, 99.31 and 143.39 kJ/mol and 14.60, 29.42 and 162.83 kJ/mol respectively. These different ranges of values characterized the different diffusion mechanisms.
Introduction
Nickel-zinc ferrite with composition Ni 0.3 Zn 0.7 Fe 2 O 4 is one of the important compositions for many applications found in electromagnetic devices owing to its high magnetic permeability at lower frequencies among other compositions. Therefore, in the present study, Ni 0.3 Zn 0.7 Fe 2 O 4 was selected in order to fulfill both fundamental and practical interest due to its established properties in micron-size grains region. Recently, the synthesis of magnetic materials on the nano/submicron scale has been a subject of intense study, due to the novel properties shown by particles located in the transition region between the isolated atoms and bulk solids [1, 2] . Various synthesis methods of nanoparticles materials have been reported such as co-precipitation, sol-gel, microemulsion, mechanical alloying method, etc. [3] [4] [5] [6] [7] [8] [9] [10] [11] . However, among those reported methods, mechanical alloying has an advantage on mass production besides its simplicity in preparation. In mechanical alloying, powder particles are subjected to high energy collision where the particles are repeatedly flattened, cold welded, fractured and rewelded [12] . These would enlarge the diffusion area and free surfaces, resulting in enhancement of the diffusion kinetics. Therefore the sintering temperature could be reduced to a value lower than that normally required in a conventional method [5] . Synthesis on Ni-Zn ferrite also involves numerous other methods and types of forms to achieve best characterization properties. El-Sheikh et al. [13] on their attempt to produce nickel-zinc ferrite 1D nanostructures synthesized via the thermal decomposition method found that high saturation magnetization was achieved with increasing annealing temperature. The increase in annealing temperature leads to increase in degree of crystallinity and so also the crystallite size. Another form of nickel zinc ferrite in thin films form was prepared through an electrodeposition method by Saba et al. [14] . In their study, nanocrystalline nickel zinc ferrite thin films with variation of nickel:zinc ratios were synthesized and the crystallization process was completed after annealing. It is known that stresses arising from defects, voids, grain boundaries, dislocations, and inhomogeneity could be released through an annealing or sintering process. However, magnetic properties of ferrites are strongly influenced by the materials' composition, microstructure and crystal structure at a particular sintering or annealing temperature. For this reason, the annealing or sintering process for the elimination of residual stresses in the compaction step is essential to achieve enhanced magnetic properties [15, 16] . In materials processing and characterization stages, the multi-sample sintering route has been approached by many researchers for many years in which this route had as many starting compacts as the number of the intended sintering temperatures. All compacts are assumed to have identical morphologies e.g. particle size distribution. Therefore, multi-sample sintering is subjected to possible statistical errors since the particle size distributions for all the samples may not be as identical as assumed. However, in single-sample sintering, only one single compact is used throughout the study where it has definite starting point with one particular particle size distribution. Therefore, a question whether different sintering routes could produce different reliable evolution trends throws doubt on the different ceramic samples. Hence, in this paper, we report two schemes of sintering routes as a continuation of our previous reported study [17, 18] . The first route was by employing multiple samples sintered from 600 to 1400°C using 100°C increments with any one sample being subjected to only one sintering temperature. The second route was by using a single sample and was subjected to repeated sintering by 100°C increment from 600 to 1400°C. Furthermore, it is also important to understand the underlying science for the nanometer-to-micrometer-grain by studying the evolving microstructure and the accompanying magnetic properties. This should start gradually from an unusually low sintering temperature (600°C), an experimental approach rarely adopted in ferrites study since their first synthesis 80 years ago, to a somewhat high temperature (1400°C), which is not uncommon in reported ferrite studies.
Experiments
The starting raw powder materials ([99 % purity, Alpha Aesar), nickel oxide, zinc oxide and iron oxide were mixed according to Eq. 
The starting materials were milled for 2 h using a SPEX8000D mechanical alloying machine employing a ball mill equipped with hardened steel vials and balls with the used ball-to-powder weight ratio (BPR) being 10:1. Then, the resulting powder was blended with polyvinyl alcohol (1-2 wt% PVA) as a binder and lubricated with 0.3 wt% zinc stearate. The granulated powder was pressed at 3 tons to obtain a 2.5 g toroidal sample. The toroidal samples were then sintered in ambient air with a constant heating rate of 4°C/min at different sintering temperatures of 600-1400°C for 10 h. Two different sintering routes were employed where in the first sintering route the multiple samples were sintered from 600 to 1400°C using 100°C increments with any one sample being subjected to only one sintering temperature (multi-sample sintering, MSS). Meanwhile for the second sintering route, a single sample was subjected to repeated sintering from 600 to 1400°C with 100°C increments single-sample sintering (SSS).
The saturation induction, B s , and coercivity, H c , were determined from a B-H hysteresis loop which was obtained by using a Linkjoin Technology MATS 2010SD Static Hyteresisgraph. Scanning electron micrographs of the sintered toroids were obtained by using a Nova NanoSEM 50 series. The micrographs allowed grain-size distributions to be determined by the grain-boundary intercept method, involving more than 200 grains per sample. The data for both sintering routes were compared in terms of their parallel evolving morphology and the magnetic properties.
Results and discussion

Microstructure-related analysis
Phase analysis
From our previous study [18] , nickel-zinc ferrite peaks were the only observed peaks for the MSS samples and the single SSS sample sintered at 800-1400°C. The improvement in the degree of crystallinity was demonstrated by the samples sintered up to 1200°C. However the intensity of the XRD peaks decreased for the MSS samples sintered at 1300 and 1400°C and for SSS sample sintered at 1400°C probably due to zinc loss at high sintering temperature, thus disturbing the compositional stoichiometry of the samples.
Microstructure analysis
The average grain size in both the sintering routes increased with increasing sintering temperature as shown in Table 1 . Basically three stages of sintering were observed in the samples for both the sintering routes which were the initial, the intermediate and the final stage of sintering [19] for samples sintered from 600-800, 900-1100, to 1200-1400°C respectively. The initial stage of sintering exhibits rearrangement of the particles and neck formation between the contact points of the particles. As the sintering temperature went higher, the particles moved closer to form grains during the intermediate stage.
In the final stage, the pores close to and on grain boundaries were slowly eliminated generally by diffusion of vacancies from the pores along grain boundaries with only a little densification of the sample. Some intragranular pores were observed at the highest sintering temperature (1400°C) due to rapid. The average grain sizes as listed in Table 1 for all of the samples mostly showed small but significant difference between the sintering routes. The reason of striking difference for the samples sintered at 1100°C between MSS and SSS (see Fig. 1a , b) has been discussed in details in our previous study [18] which was subjected to the different surface reactivities. However, repeated sintering in SSS could provide more time for the trapped pores to be removed, consequently no significant amount of intragranular porosity could be observed in the sample sintered at 1400°C as compared in MSS (see Fig. 1c, d) .
The fraction of critical grain sizes [0.25 lm [17, 18] was further increased with a higher sintering temperature. Consequently, the number of grain sizes exceeding the single-domain-to-multi-domain critical size also increased. Thus the number of domain walls also increased; therefore the contribution of domain wall movement to ease of magnetization increased. This important point will be raised again in Sect. 3.2.
Activation energy of grain growth
Figures 2, 3 show log grain size as a function of reciprocal temperature (Arrhenius plot) to calculate the activation energy of grain growth by using the following Eq. (2) [3] :
where Q is the activation energy, R is the ideal gas constant, T is the sintering temperature, A is the intercept and D is the grain size. By using Eq. (2), a best fitted straight line can be plotted and therefore the slope of the Arrhenius plot can be used to determine the activation energy of any grain growth process. Based on both the plots for MSS and SSS (Figs. 2, 3) , there are three different activation energies of grain growth as tabulated in Table 2 . Such variations in the activation energy may be associated different diffusion mechanisms each occurring for an appropriate ''Range'' of grain sizes and specific temperature range. The diffusion along grain boundaries is characterised by lower values of the activation energy than those associated with the volume diffusion [20, 21] . The increased activation energy from Range 1 to Range 3 with increasing grain size is attributed to the transition from grain boundary diffusion to volume diffusion as grain boundary represents only a small part of crystal volume. By comparison, activation energy for Range 1 in MSS (6.80 kJ/mol) shows a lower value than that in the SSS (14.60 kJ/mol). For smaller size grains, the driving force for coarsening is high, because of the high surface area. At this stage, the starting surface reactivity of the samples is taken into consideration: it is higher for the MSS samples since the starting powder particle size for each sample is generally smaller than the starting grain size in the SSS sample. Therefore smaller activation energy is required for the diffusion mechanism in MSS. For Range 2, MSS samples however required much higher activation energy (99.31 kJ/mol) as compared to SSS sample (29.42 kJ/mol). The lower activation energy required in the SSS sample was caused by incremental lowering of the energy barrier associated with earlier diffusion occurrences as the sample is subjected to repeated sintering. Thus, unaided occurrences, Range 2 in the MSS required a higher activation energy. Further in Range 3 where higher sintering temperature was employed, Zn loss might probably occur severely more in SSS due to repeated sintering of the same sample, thus disturbing the compositional stoichiometry of the Ni-Zn ferrite. Therefore, the resulting excess Fe 2 O 3 (which could not be detected by XRD due to its sensitivity limit) would normally dissolve into spinel the lattice partly as c- To analyze them properly we must attempt to answer this focal question: what factors that subjected to the different hysteresis-loop characteristics in both the sintering routes samples? The shape of the hysteresis loop depends on the grains in the sample [17, 25] . The differences among the magnetization curves also arise from the various grain shapes, grain sizes, compositions, strains, and imperfections present in the sample. In addition, because of interactions between particles in a dense compact, the magnetization in a given field is not simply the sum of the magnetizations of isolated particles in that field. For a dilute compact of various sizes of ferromagnetic particles both theoretical and experimental hysteresis loops have been reported [25] .
According to previous literatures, nickel zinc ferrites could have saturations, B s from 1000 to 3000 G [26, 27] . In this study, B s values range from 23.9 to 1076.0 G for multisample sintering and from 23.4 to 930.7 G for singlesample sintering. The disparities in the induction values are influenced by several reasons which make the B-H hysteresis loops fell under several groups. Based on the hysteresis loops in our previous study [17, 28, 29] , there are three groups with noticeably different magnetic hysteresisloop shapes. Almost similar groups were also observed in single-sample sintering as shown in Fig. 4 . The loops were divided into three groups based on their magnetic behaviour which are strongly influenced by microstructural properties, domain states, and crystallinity of the samples. The first-group was categorized for the samples sintered from 600 to 800°C. The hysteresis shape was influenced by a mixture of weak ferromagnetic and paramagnetic phase and most probably some superparamagnetic phase [17] . The paramagnetic phase comes from a significant amount of grain boundary volumes due to the small grain size of the samples as has been mentioned in the previous Fig. 4 B-H Hysteresis loop for the single-sample sintering route studies for MSS [17, 28, 29] . In addition, a superparamagnetic phase is contributed by the nanosized grains. A little hysteresis was observed: the narrowly bulging but linear-looking loops have very low saturation induction, B s (see Table 3 ), indicating a very small amount of ferromagnetic phase. However, these loops show significant coercivity, H c , (see [17] ; Fig. 5 ; Table 3 ) and somewhat elongated shape. Even though the only nickel zinc ferrite peaks were observed in both samples sintered at 800°C [18] , the B s value was still very low, indicating that the crystalline-phase percentage was still small while the amorphous-phase percentage was still significant. A similar group was also observed for the SSS route. The second group of hysteresis loops is for samples sintered from 900 to 1000°C for the MSS route and from 900 to 1100°C for SSS route. The grouping is slightly difference between the two sintering routes due to the influence of microstructural properties (see [17] ; Fig. 4 ). Samples which belong to this group showed a slanted sigmoid shape which is recognized to demonstrate moderate ferromagnetic behaviour with negligible paramagnetic behaviour since there still remained a significant amount of the amorphous phase. For the MSS, the B-H loops had significantly higher B s (M s ) values but falling H c values ( [17] ; Fig. 5 ) indicating, respectively, higher ferromagnetic phase crystallinity and starting dominance of multi-domain magnetization-demagnetization processes. However, in the SSS, the sample still exhibited singledomain grains as shown by grain size studies. Therefore, for the SSS sample the magnetization is predominantly contributed by spin rotation, resulting in lower magnetization compared to that of the MSS samples sintered at a similar sintering temperature but already exhibiting multidomain grains. This result was clearly shown by the MSS and the SSS sample after sintering at 1100°C: while the former had become strong ferromagnetic (third group), the latter still remained in the second group. Stronger ferromagnetic behaviour (B s , M s ) with a diminishing amorphous phase was exhibited in samples sintered at increasingly higher sintering temperature from 1100 to 1400°C for the MSS samples and from 1200 to 1400°C for the SSS sample. The erect, narrower and well-defined sigmoid shape characterized these third-group hysteresis loops. These are well known magnetic hysteresis characteristics arising from very high crystallinity, large grain size, high density and a low amount of microstructure defects which allow domain walls to move with great ease in the magnetization and demagnetization process.
Magnetization per unit volume has been calculated based on Eq. (3) and converted to magnetization per unit mass by dividing the value with experimental density.
The values of magnetization per unit mass have been tabulated in Table 3 . The highest obtained values were 18.78 emu/g for MSS and 15.18 emu/g for SSS. The obtained values are much lower than observed in previous studies [15, 30] . This was expected since the highest field, H, provided by the B-H Hysteresisgraph is 50 Oe which is much lower, thus displaying a much lower magnetization value.
The coercivity (H c ) variation in [17] ; Fig. 5 is further investigated to observe the influence of developing microstructure onto magnetic properties, particularly in coercivity (also listed in Table 3 ).
In our previous study, with increasing sintering temperature, the grains with size smaller than critical grain size were reduced and completely disappeared for the MSS samples sintered at 1100°C and above [18] . However the trend was slightly different in SSS sample where the grains with size smaller than critical grain size was completely vanished for the single SSS sample sintered 1200°C and above [18] . Therefore, the results demonstrate that the samples in the multi-sample sintering possessed predominant multi-domain grains earlier than observed in the single-sample sintering. As shown in Fig. 5 , the H c values increased with increasing grain size (samples sintered from 600 to 800°C); it attained a maximum value at a critical grain size for single-domain-to-multi-domain grains transition. However, beyond this critical grain size (samples sintered from 900 to 1400°C), the Hc values tended to reduce dramatically with a further increase of grain size. Fascinatingly, the same trend was observed in both the sintering routes, proving that the transition between singledomain to multi-domain grains occurred in the same region of grain size. The coercivity value in SSS as a function of grain size drops earlier at grain size of 0.19 lm but insignificant as compared to MSS where it drops at 0.23 lm (see the inset in Fig. 5 ). The increasing values of coercivity for smaller grain size (below critical grain size) were due to size-shape anisotropy (necking phase) and magnetocrystalline anisotropy. However for the larger grain size (beyond critical grain size) the grain size surpassed the critical grain size with the size-shape anisotropy vanishing (stable polyhedral grains) and the magnetocrystalline anisotropy remaining. Larger grain size would decrease the magnetocrystalline anisotropy by reducing the internal stress and crystal anisotropy [31] which helps better domain walls movement, consequently decreasing the value of Hc. In this grain size range, H c is controlled by this anisotropy and defects, including pores. The plots in [17] ; Fig. 5 strongly confirm this trend and give a maximum coercivity value at grain size of 0.23 lm and 0.19 lm respectively.
Conclusion
Ni-Zn ferrite was successfully prepared via mechanical alloying technique through two different sintering routes. A particular pattern/shape, within which all the magnetic hysteresis parameters are contained, is a manifestation of the combined effect of a particular set of conditions: phase purity level, degree of crystallinity and microstructural factors, notably average grain size. Interestingly, the activation energy of grain growth also shows three different phases associated with certain grain-sizes ranges which correspond to different diffusion mechanism, further supporting the evolution trends in our study. The similar trend and behaviour between MSS and SSS observed was due to high surface reactivity of starting materials produced via the mechanical alloying process. Difference in the values of a property for an MSS sample and the SSS sample sintered at the same temperature could be attributed to a difference in powder-particle surface reactivity and microstructural grain surface reactivity respectively.
